Photochemical and rate data have been evaluated for 28 gas phase reactions of interest for the chemistry of the stratosphere. The results are presented on data sheets, one per reaction. For each reaction, the available data are summarized. Where .possible there is given a preferred value for the ratc constant or, for the photochemical reactions, preferred values for primary quantum yields and optical absorption coefficients.
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Introduction
This review presents data sheets on the chemical kinetics and photochemistry of 28 gas phase reactions.
These reactions were selected for review on the basis that they are potentially important reactions in the chemistry and photochemistry of the stratosphere, the values for their rates and quantum yields were needed in models, and what value should be used was uncertain. Some of them had not been reviewed. For others, an updating or validation of an existing evaluation appeared desirable. Most of them also apply to tropospheric chemistry. They are part of a larger set of reactions that must be considered in models of the chemistry of the st~ato sphere. These data sheets are the first of a group that will cover this larger set of reactions.
The data sheets provide for each reaction: An estimate, if possible, of the most reliable value for the rate constant or in the case of a photochemical system, for the photo absorption coefficient and primary quantum yield.
An estimate of the reliability of that value. Sufficient information to make apparent the basis for that value.
A summary of the available data.
The data sheets were prepared during the period July 1971-January 1973. The conclusions in them are based on the experimental work published or privately communicated to the reviewers or editor in completed manuscript form up to the date of preparation (which is shown on each data sheet). Summaries of data in each evaluation show all the work considered to be pertinent. Reference lists also include other papers examined by the evaluators.
Most of these data sheets were originally issued in references [1] and [2] .
In some instances, the recommendation has been changed by consideration of data published since the publication dates of these reports. These changes in preferred values are indicated in the data sheets.
Evaluation of Data
,Each data sheet has been prepared by chemical kineticists or photoch~mists who are familiar with the measurement techniques and may have done research on this or closely related reactions. The evaluators are identified on each data sheet. Their conclusions are based on a critical examination Qf the available experimental data, an assessment of the techniques used, and a consideration of the behavior of related chemical systems.
The reader is warned that the state of the art varies sharply from reaction to reaction. In some cases a firm statement may be made about the rate constant or quantum yield. In others, all the evaluator can do is to point out the lack of data or the low reliability of the existing measurements. That type of information is important and must be considered by the user.
The conclusions of the evaluators are, necessarily, tentative. Atmospheric chemistry is an active research field. New data and new understanding of the experimental techniques will dictate revision of some of the results presented here. All that we can hope is that our recommendations reflect the best judgments of the data evaluators about the current state of the art.
Description of Data Sheets
The general form for a data sheet is described immediately below. Although this usually is followed, some modifications have been made, dictated by the type of material to be handled. Some conventions are explained in following section.
3.1. Format of a Typical Data Sheet a. Statement of the chemical reaction or photochemical process considered and explicit definition of the chemical kinetic rate constant evaluated. b . Auxiliary data (e.g. thermochemical data) and statement of related chemical reactions. c . Summary of experimental chemical kinetic or photochemical data. Values of directly measured quantities are given rather than derived values based on auxiliary data. A brief statement of experimental conditions is included. d . Preferred, selected, or estimated value, for the quantity evaluated, i.e. chemical kinetic rate constant, photoabsorption coefficient, or primary photochemical quantum yield. A statement about the reliability of this value follows . . e. Remarks indicating the basis for the preferred value, comments on individual data items, and general discussion of the chemical system.' Sometimes specific recommendations are made for additional studies to clarify areas of disagreement. f . References. The name of the evaluator and the date of preparation follow the reference list.
General Conventions
a. Each Data Sheet is an independent entity. References to other data sheets are treated on the same basis as those to journal articles and reports. b . Reactions and photochemical processes are numbered in a single sequence. This numbering is independent of that used in other data sheets. References are keyed by letters. c . Physical quantities are given in units consistent with the (metric) International System of Units. Occasionally these are supplemented by values in units hallowed by tradition, e.g. kcal mol-1 in addition to kJ mol- I. In all cases the units are identified.
The value of a physical quantity shows only the sig-nifieant figures. The last figure shown is, in most cases, subject to some uncertainty. Charts are included (Appendix) for' conversion of quantities from one system of units to another. Definitions and conventions concerning specific properties are given below.
Rate Constant
A rate constant for a chemical reaction, k, is a measure of the change in concentration of a species per unit concentration per unit time.
Almost all of the reactions evaluated here are elemen-.tary pr(lcesses. For them the rate expression is derivable from the statement of the reactions: A[B] " B= (-l/vA)d [A] /dt= (-l/vB)d[B]ldt,. (l/vc) d Wherever there may be any doubt.an explicit rate expression is given.
Rate constants are· expressed using concentrations in (molecules cm-3 ) and time in seconds. This means that the !.Jnits for integral order reactions are: 1st order 2d order 3rd order S-1 cm S molecule-1 S-1 cnP molecule- 2 S-1 Tables of conversion factors for units of rate constants are given in the Appendix.
Norinally, the temperature dependence of a rate constant is shown using the Arrhenius expression: k=A exp (-CIT) where C is the activation energy divided by the gas constant, i.e. E*IR.
Equilibrium Constants
Equilibrium constants, K, are given in concentration units. They are for mixtures of ideal gases. They are related to the usual equilibrium constants for pressure .units by log K=log Kp-An log (RT)
Quantum Yield
A quantum yield is a measure of the chemical change per quantum of light absorbed. Overall quantum yields in a system, indicated' by the symbol uppercase phi, q" include all changes caused by the primary light absorbing process and secondary reactions that follow it. The initial quantum yield, indicated by lowercase phi, cp, is a measure of the change occurring solely in a single light absorbing step. Occasionally, it is desirable to indicate what species was measured or the formal hasis for recording the quantum yield, as for example, <P ( -H202), for the total disappearance of hydrogen peroxide in its photolysis, or cp(OH) for product formation in H20 2 + hv ~ 2 OH.
Optical Absorption Coefficie';'ts
Optical absorptio~ coefficients are measures of the fraction of incident light ~r~n13mitted by. a sample per unit concentration and per unit length. They are defined and ~scussed in the introduction to a conversion . chart in the Appendix. They are reported in data sheets either in figures or as numerical values. While we have attempted to ·use .11 consistent set of.units for the numerical values, the figures retain the ordinates and abscissae used in the original publications. d . The uncertainty in a preferred value given in' a data sheet is the ,evaluator's estimate of that value's reliability. This isa subjective j1,ldgment that, to a high . degree of probability, the true. value of the quantity lies within the bounds indicated .
. Uncertainties are indicatedin several ways: A < k < B means.k lies in the range between A andE. k < B means B is an upper limit., k -B means that B is only a rough guide to the value of k. . k=A±B means that a reasonably reliable estimate of the likely error can be stated. This is an estimate by the evaluator of the absolute accuracy of the preferred value. It is a subjective judgment derived from intercomparison of data sets, consideration of related reactions studied with the same technique, estimates of how well the parameters could have been controlled, and comparison with theory. It means that' in the evaluators judgment, the true value will lie within the indicated limits to a high level of confidence (90 to 95 percent ).
Sometimes it is more appropriate to give loglO k = C ± D, "k uncertain toE percent" or "k uncertain to a factor of F", all three of which are equivalent statements of multiplicative limits. The statement that k has the value ko and is uncertain to a factor ofF means kolF < k < keF.
where An is moles of products minus moles of reactants, Formally, substantial sets of parentheses are required R is the gas constant, and T the absolute 'temperature. when stating uncertainties using the plus or minus in Kelvin. The gas constant must have units consistent . sign, e.g. with the concentration units and the pressure units, e.g. dm 3 atm mol-1K-l or cm:! atm molecule-1 K-l. Vol. 2, No.2, 1973 (1. 2±O .3) X 10-9 exp «-3.0±0.5) X 10 3 IT).
These conventions are difficult· to! enforce. Therefore we permit the convention k = 1.2 ± 0.3 X 10-9 exp (-3.0 ± 0.5 X 10 3 fT), based on the hierarchy of operators ±> (X,+) > (+,-). lO±SX lO-u (1600-2000 K) Data NO, H2 discharge, flow system .. Clyne, Thrush, 1962 (b); Thrush, 1965 (d) . Bulewicz, Sugden, 1964 (c) .
Data Sheets

(a)
Preferred Value Changed from that in NBS Report 10692 (Jan. 1972).} kl (211-703 K) > 5 X 10-14 ems molecule-l s-'. k, (2000 K)=7 X 10-1 2 cm 3 molecuIe-1 8-1 • k. (2000 K) good to a factor of 2 and may be good to a factor of 1.5.
Remarks
. Value of kl (2000. K) chosen as .simple . average of values in ref. (c) , (e) , and (f) .. The combination of this result with the lower limit from (b, d) Clyne and B. A. Thrush, Disc. Faraday Soc. 33, 139 (1962) . Halstead, Jenkins, 1968 (el. (c) 0., N2, NO flames. Measured [HJ as function of time. (d) . B. A. Thrush, Progr. React. Kin. 3,63 (1965) : (e) C. J. Halstead and D. R. Jenkins, Chern. Phys. Lettrs. 2, 281 (1968) . Smith, 1972 (t) . Smith, Combustion and Flame 18,293 (1972 No information is available. The upper limit for the reaction k(H + HNO s --products) < 1 X 10-13 cm 3 molecule-1s-1 by Morris and Niki (b) may be applicable. (a) ' The only justification is on the basis of structural and (a) energetic similarities. Clearly, if this should turn out to be an important reaction, its rate must be measured. References . (a) D. D. Wagman, et aI., NBS Technical Note 270-3' (Jan. 1968 ). (h) E. D. Morris, Jr. and H. Niki, J. Phys. Chern. 75, 3193 (1971 Alf0 298 (1) = -123 kl/mol (-29.5 kcal/mol) (a,b) ll.Ho z98 (2) = -12 ± 21 kl/mol (-3 ± 5kcal/mol) ll.Ho Z98 (3) -292 kl/mol (-69.7 Morris, Niki, 1971 (ref. d) .
(k a + k2)/k, = 0.06 ± 0.02 Photolysis of HNOa at 265 nm. in presence of H2• Relative quantum yield of decomposition of HNQa (monitored hy meas. of [NO z] ) in presence and absence of Hz measured. Many step mechanism used to interpret" data. Berces, Forgeteg, 1970 (ref. c) .
Preferred Value (k 1 + k2 + k a ) < 1 X 10-13 cm S molecule-1 S-1.
The preferred value is the upper limit derived in (d) .
It is based on the value of k (H + trans-2·butene)= 9 X 10-13 cm 3 molecule-1 S-1 given in (e). This relatively low value of k suggests an flctivation energy in excess of 12 kl/mol (4 kcal/mol).
Comments on Measurements
Ref. (c) Rejected. Johnston (f) has criticized the work in ref. (c) on the grounds of heterogeneity. He claims that the processes N02+hv~ NO+O; 4HN03+2NO~ 6NOz+2H20 (heterogeneous) are of major importance. Note that the photolytic results are from the latter stages of the reac· tion and thus a large quantity of N0 2 is in fact present. The HNOs/H2 ratio is also very close to the limit above which the authors feel that quantitative results are no longer valid (due to the considerations raised by Johnston).
Ref. (d)
This direCt method accepted in preference to indirect method in (c) .
It should be noted that the validity of the result in (d) ma y be affected by the fact that the mass 46 peak is also of importance in the mass spectra of NO: and NOs. However the reaction of H atoms with N0 2 (and possibly with NOs) is very fast. This will reduce the concentrations of these latter compounds. References . (a) D. D. Wagman, et al., NBS Technical Note 270-3 (Jan. 1968 Phys. Chern. 75,3193 (1911) .
(e) E:E. Daby and H. Niki,J. Chern. Phys. 51, 1255 
The available rate data have been presented and evaluated by Baulch, Drysdale, Horne, and Lloyd (0) . There have been no more recent measurements. Albers et al. (d) measured the total rate of removal of D atoms in a discharge-flow reactor from 294 to 464 K 'with 5-:-8 tori: H 2 0 2 and added 0 atoms to suppress the chain decomposition initiated by OH. D atoms were mOilitored by ESR and mass spectrometry. They estimate the kl/k2 = 10 for D atoms at 421 K. Also they find k~H)/k~D) =O.43 at 375 K. They give the result that kf)+M D ) = 1.2 X 10-11 exp (-4200/RT) cm S molecule-l . s -1. (294--464 K).
Baldwin et al (e) studied the decomposition of Hz0 2 in the presence of Hz from 713-773 K. They report kl/k2 to have the value 0.143 over this temperature range (note: in the abstract this is incorrectly given as 0.125 exp (-5900IT) cm 3 molecule-1 S-1 as noted there can not be recommended with any confidence because of the unreasonably high value of the pre-exponential factor,. By extrapolation, k1at stratospheric temperatures (220 K) is estimated to be 5 X 10-16 cm s molecule-1 S- I. From these expressions k21kl at 220 K is estimated to be 10-5 ? subject to a large uncertaint y.
References (a) D. D. Wagman, et al .. , NBS Technical Note 270-3 (Jan. 1968 ). (h) Estimated uncertainty: ± 25 percent.
Remarks
The above value and error limits are those given in (h) . The rate was measured in Ar and He carriers and is 10 percent larger in He than in Ar. The difference is statistically significant and suggests that the, observed, reaction rate was· pa.rtially limited by diffusion mixing of the reactants, An activat,ion energy of 2 kcal/mol-,l , (8, kllmol) results' from: combining the results at 298 K (b) and 633 K (d) using k (H + O2 + H:t) = 5 X 10-32 cm 6 molecule-2 S-l at 633 K (g), following Schofield (f). A lower activation energy, 1.5 kcal/mol-1 (6 kllmol) 'results from combining the data in (b) and (c) using k(H + Cl z ) = 4.5 X 10-11 cm 3 molecule-I S-I, extrapolating the evaluation in (h) . There is no good basis for choosing between these. Measurements at temperatures below 273 K are needed. If the upper limiting value of 2 kcal/mol for the activation energy is used, then the estimated value for the rate constant at 220 K is one-third the value at 298 K. The uncertainty at this temperature is unknown. A recent mass-spectrometric study of the stoichiometry of the reactions of OH generated by this reaction is reported in (e).
. References (a) D. D. Wagman, et ai, . (h) L. F. Phillips and H. I. Schiff, J. Chern. Phys. 37, 1233 : . (c) W. A. Rosser and H. Wise, 1. Phys. Chem. 65, 532 (1961) ; 65, 2277 (1961 Chem. Phys. 54, 5215 (1971) . (f) K. Schofield, Planet. Space Sci. 15,643 (1967 Garvin, Mcl9n1ey, 1956 (c) .
Preferred value
kl (298 K) = 2.6 X 10-11 cm 3 molecule-I 6-1 • Estimated uncertaint y: ± 25 percent.
Remarks
The OH is formed to a large extent in vibrational levels 4-9 of the ground state. At ~ 1 torr significant collisional and reactive quenching occurs in the rate experiments, The most recent effort to determine the initial vibrational level populations. is by Charters, MacDonald, and Polanyi (d) . Earlier work is summarized there. . The suggested rate and uncertainty are quoted from ~ef. (b) , the most extensive study. This value also was selected by Kaufman (e) . The validity of the result depends upon whether or not the reaction times (1 to 5 ms) are short enough to support their assumption that reaction (1) is "extremely rapid in comparison with the secondary reactions". OH* + 0 3 ~ H0 2 + O 2 is the primary worry (e). The approximate value from ref. (f) supports this selection. Chern. Phys. 24, 1256 (1956 . (d) P. E. Charters, R. G. MacDonald, and J. C. Polanyi., Applied Optics 16, 1747 . (e) F. Kaufman, Can. J. Chern. 47, 1917 Chern. 47, (1969 ; F. Kaufman, Ann. Geophys. 20, 106 (1964) . 
System
Flame photometric studies of hydrogenoxygen-nitrogen flames with added NO.
[NO] and [H] measu'red. ' Bulewicz, Sugden, 1964 (b) .
I Flame photometric; same as (b) . Halstead, Jenkins, 1968 (c) . kl = 0.18 ± 0.02 X 10-10 • Flame photometric studies of propane-(T=2117 K) oxygen nitrogen flame ,with added NO. Smith, 1972 (d) .
Preferred Value
Changed from that in NBS Report 10692, (Jan. 1972). k1 = 7 X 10-11 cm s molecule-1 s-1 over telllperature range 160o-2100K. The three reported, values have been averaged. Absolute uncertainty is no less than a factorof5.
For all three systems the postulated mechanism is: Demeljian, Kerr, and Calvert (b) prefer a value of 7 X 10-12 emS molecule-1 S-1 using as a basis the reported value of 14X 10-12 cm 3 moleeule-: 1 S-1 (c) for (a) the reaction HO+ H2CO. .....; . H20+ HCO and the argument that since the enthalpies of these hydrogen atOin abstraction reactions are similar; the rate constants per . abstractable hydrogen atom must be similar.
Clearly, if this reaction is of any importance, a direct . measurement.ork! is needed. (Changed from that in NBS Report 10692 (Jan. 1972).) None
References
Remarks
The Arrhenius expression for the rate constant may be similar to that for the reaction of HO with HN0 3 , for which the rate expression is (see separate data sheet): k(HO+HNO s """;' H 2 0+NO a )=6X 10-13 X 4.9. The Reaction Between HN0 2 and 0 HNO z +0 -,» HO + N0 2 HNOz+O-'» HNO+02 Auxiliary Data MI~9& (a) = ~ 98 kJ/mol (-23.3 kcal/mol) Mlg 98 (b) = -70 kJ/mol (-16.8 kcal/mol) Dafa (a) (a) There are no published data on the rate of this reaction.
, Preferred Value
None.
Remarks
Note that there are two possible reactions: the H-atom abstraction (I a) 
Absorption Coefficients
The recent measurements by Johnston and Graham (f) are in good agreement with the earlier results of Dalmon (e) over the common range 300-230 nm except near 300 nm, which it is suggested in (f) can be accounted for by a 1.5 percent N02-impurity in ,the nitric acid used in (e).
Schmidt (private communication) has stated that the data shown in ref. (h) for A > 320 nm are 2nd order grating spectra and should be disregarded and also that the NO z impurity in the nitric acid was overestimated. Their results now agree favorably with those of Dalmon (e) and also with those of Johnston and Graham (f) . A statistical band model analysis is currently being developed by S. C. Schmidt and A. Goldman to interpret their observed pressure dependence o,f the absorption coefficient.
Quantum Yields
No value is recommended for the primary quantum yield of decomposition of nitric acid. Measurements of this quantity are now in progress ref. (g) and preliminary results indicate that the primary quantum yields <PI is equal to unity throughout the wavelength region 300-190nm. Process (1) appears to be established from the production of HO in the flash photolysis of HNOa -(3-10 torr) in presence of 500 torr Nil (ref . d) .
There is rio positive evidence that processes (2) and (3) are of importance in the region 200-300 nm. Assuming that (1) is the only primary progess, the complete mechanism of photolysis is the following: . ks
The quantum yield of . HNO a disappearance,
<PC -HNOa) is:
where <PI is the quantum yield of process (1).
In the photolysis of pure HNO a at low conversion k4 [N0 2 ] [M] ~ ks[HNOa] and therefore, lPl= (1/2) X <p(-HNO a ). Flash photolysis of HNOa vapor.
[OH] measured.
Husain, Norrish, 1963 (b Similar to (c). Godfrey, et aI., 1965 (d) .
. Room temperature photolysis at 265 nm. of HN03 in preSence of additive.
Berces, et aI., 1970 (e).
. Preferred Value (Changed from that in NBS Report 10692 (Jan. 1972).) k 1 (300 K)=1.4XIO-13 cm 3 molecule-1 S-I, kl (650 K)=3 X 10-13 . Estimated uncertainty is a factor of three.
Inserting these values into the Arrhenius equation gives:
k=6xIO-13 exp [-400/T] cm 3 molecule-1 S-I.
Remarks
Ref (b)
Value is undoubtedly a good upper limit.
Ref (c)
Reaction is homogeneous at T> 570 K. The mechanism considered is:
At 670 K, k 2 =0.16 S-1 and kl/k3=0. 26 . From data in ref. (a) ,kz/k3= 1.8 X 1011 molecules/cm 3 , and the derived value of kl is 2.4X 10-13 cm 3 molecule-1 S-I. This result will not change even if reaction (3) is not truly bimolecular.
Ref (d)
The mechanism considered is the same as in (c) . At 622 K 'and 680 torr total pressure k 2 =0.0125 S-1 and ktlk 3 =0. 345 . Fromdata in ref. (a) , k2/k3=lX 10 10 molecules/ cm 3 ,and the derived value of kl is 4 X 10-13 cm 3 molecule-1 S-1 in excellent agreement with (a) . However lowering the total pressure to 230 torr results in a decrease in value of kl which conflicts with the mechanism and disagrees with (a).
. Ref (e)
The qu'!-ntum yields for disappearance of HN0 3 in the presence land absence of added gas were measured. For CO and H2 as additives, from the measured ratios and the well established values of k(OH+ CO) and k(OH + H2) (f) , the value 0(k 1 is calculated to be 1.3 X 10-14 cm 3 molecule-1 S-I~ The values based on the reactions with hydroc.arbons are rough estimates. The value of the rate constant derived from these experiments is a factor of 1O·lower than the direct determinations (b, g) . Since it must be derived -on the basis of a complex mechanism and difficult experiments, it is rejected in favor of the direct measurements. HN0 3 . Postulated 10 occur in multistep mechanism used to interpret overall quantum yield meas. Jaffe, Ford, 1967 (b) .
Photolysis mixtures of HN03 and NO. in 265~m. Value inferred from overall quantum yield meas. interpreted accord· ing to multistep mechanism. Berces, Forgeteg, 1970 (c) .
tern with mass spectrometer.
k, < 1.3 X 10-14 Morris, Niki, 1971 (d) .
Flash photolysis of NO. in presence of HNO. and He. [NO.j=O.l torr; [HN031 = 1.8 torr. Unable . to detect OH by resonance absorption. Morley, Smith, 1972 (i) .
Preferred Value kl (298K) ~ 1.5 X 10-14 cm 3 molecule-I S"'I.
Remarks
the only direct study is that of Morris and Niki (d) . Under the experimental conditions [0] ~ 10 14 molecule . em -3 , [HN0 3 ] ~ 10 12 molecule em -3, reaction time as great as 20ms, little or no change in the HN0 3 concen· tration was observed as monitored by the m/e 46 peak.
Comparison with the rate of loss of ethylene and acetylene under identical conditions led to the eonclu-. sion that the rate constant kl was at least 10 times smaller than the rate constants for the reactions of atomic oxygen with either ethylene or acetylene. The rate constant for the reaction of atomic oxygen with acetylene (which is slower than the corresponding ethylene reaction) is 1.5 XIO-13 em 3 molecule-l S -1 (e) (f), hence kl ~ 1.5 X 10-14 cm 3 molecule-I S - I. This limiting value is supported by the work of Morley and Smith (i) who produced 0 atoms by the photolysis of N02 in a mixture of HN0 3 and He, and were unable to detect any OH by means of resonance absorption. . They derived an upper limit to the rate constant kl ~ 1.3 X 10-14 cm 3 molecule-t S- I. Using a pulsed uv photolysis chemilumineseent technique under conditions of excess HN0 3 Stuhl (in a private communication quoted in (d» observes that kl is several orders of magnitude slower than inferred from the photolysis experiments at 366 and 265 nm (b) and (c) . Johnston (g) has · argued that this discrepancy in kl is a consequence of unrecognized heterogenous reac· tions occurring, specifically NO+ HN0 3 , in the case of (b) and (c) The available data prior to 1972 have been described J; Phys. Chem. Ref. Data, Vol. 2, No.2, 1973 and evaluated by Baulch et at (h) and by Drysdale and Lloyd (i) . .
Upper and lower limits for kl at 298 K have been derived from studies employing flash photolysis (b) and electric discharge (c) of HZ0 2 • Absolute values of · k 1 · over the temperature range 307 -462 K have been determined in flash photolysis . studies by following the OHdecay by kinetic spectroscopy.
, ! '
, }'
Rate ratio data at higher temperatures , extends the , range. A kd kz ratio was determined at 798 K using the thermal decomposition of HzO z in the presence CO (d) .
CO+HO~C02+H
(2)
The rate relative to reaction (3),
(3) has been determined between 700 and 800 K by examina· , tion of the inhibition of the second explosion limit of the Hz/O z system by HzO z (e) , in studies of the decomposition of HzOz in the presence of Hz in boric acid coated vessels (f) and from studies of the HzfOz/Nz system (g).
Recent Measurements
There has been only one measurement involving the rate of this reaction since the 1972, review by Baulch" et a1. ( Gorse, Volman, 1972 (k) .
k 1 (300 K)=8.2X 10-13 cm 3 molecule-1 S-I. This is the evaluation given in refs. (h, i) . It fits the measured data within 50 percent.
Remarks
'Reaction 1 is a simple Hatom abstraction and is ·the only interaction expected in this system. The evaluation relies heavily on the data of Greiner which are the only absolute rate measurements available. The flash photolysis study is subject to some uncertainty due to the method of temperature ineasuren:tent. The temperature was varied by changing inert gas pressures thereby lowering the effect of flash heating. This coupled with the normal experimental uncertainties gives a reliability.factor of approximately 2 to the data. Thus, the expression given above probably predicts the value for kl within a factor of 2 over the temperature range 298 to 800 K. At strat~spheric temperatures 200-240 K the uncertainty is considerably larger (probably at least a factor of 4). Thus a number onower temperature measurements are in order.
A value of kl can he derived from the recent relative rate measurement ill ref. (k) by selecting a value for k2:
We select as the best value for kz that recently measured directly byStuhl and Niki (1): kz =:= 1.35 X 10-13 cm 3 molecule-I S-I. Using this value, we derive the value k l = (1l±3) X 10-13 cm 3 molecule"' : 1 S-:I from the ratio measured in (k) . ' We con~ sider this to be in substalltial agreement with the value kl (300 K)= 8.2 X 10-13 cm 3 molecule-I S-I recommended in the Preferred Value section. The combined uncertainties in the measured values of (kl/kz) and kz and the complexity of the mechanism used in (k) do not justify changing the recomniended value of k 1 .
References
, (a) D. R. Stull and H. Prophet, JANAF Thermochemical Tables, 2d. Ed., Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.) , 37 (June 1971).
(b) N. R. Greiner, J. Chern. Phys. 45,99 (1966) ; ibid, 46,2450 (1967) (erratum); superseded by J. Phys. Chern. 72, 406 (196S) . (c) S. N. Foner arid R. L. Hudson, J.Chem. Phys. 36,2681 Phys. 36, (1962 Volman, 1951 (j) .
From data of ref. (j) and an evaluation of k4 = 0.16 X 10-10 exp (-0.9 X lOS/T).
Drysdale, Lloyd, 1970 (k) .
Estimates
Flow systems, . Langley, McGrath, 1971 (h) .
Estimatebased on interpretation of quantum yields in the photolysis of 0 3 in the presence of water in terms of chain: reactions (1) and (7). Johnston, 1968 (i) .
* At room temperature unless otherwise indicated.
Preferred Values (Changed from that in NBS Report 10828 (April 1972).) k 1a = 1.6 X 10-12 exp (-1 X 10 3 fT) cm 3 molecule-1 S-I.
k 1a = 6 X 10-14 at 300 K.
The results in reference (c) may be used as an upper limit for reaction (1 t).
. kl t(HO, v=9) < 7.7 X 10-12 cm s molecule-1 S-I. This is a sum over all channels, not an elementary process. There are no data on reactions (lb) and (lc).
Remarks
The preferred . valu~ is appr~ximately that from the current experiments of Anderson. These are . the most direct . measurements of k 1a and are preferred for that reason. The error limit is broad, and reflects the disagreement between reference (p) and the only other recent quantitative measurement, reference (m) . The earlier quantitative result· G) has been reinterpreted to exclude reaction (Ia). Under his experimental conditions reaction (7) is the most likely step regenerating hydroxyl The occur· ence of this reaction has been questioned, because it is difficult to formulate a transition state. The reaction could be an O-atom transfer followed by rapid decomposition of an unstable 0 4 complex. Unfortunately, analogous processes cannot be cited. The systems in which the OsfHO x chain have been studied are complex. They require · elaborate mechanisms for complete interpretation. Thus the importance of reaction (7), although probable, is not firmly <,;stablished. Experiments are needed in which other species than 0 3 are measured.
Comments ~n specific studies follow.
Ref. (c) . . The t6tal~ate of reaCtion of HO (v=2 to 9) in the presence of Oa was measured. This is based on'infrared . emIssIOn bands. Corrections were made f~r loss by radiation and at the walls. Both corrections are large.
Physical quenching · appears to be minor (d) . Thus, these rates are summations for the chemicalreaptions in. the system. .. .
. When extrapolated to HO (v=O), k1 -10-12 , in reasonable agreement with the experiments in (p), since the extrapolation preSupposes no energy parrier. This extrapolation depends heavily on the radiative life time for HO (v = 9),7"9 = 6.4 X 10-2 s, and on the relative transition probabilities for the lower states. 7"9 is surprisingly long.
The experiments are extensive, but are not described in sufficient detail to permit estimates of concentrations in . the measurement region of the flow tube. As is the case with most studies of secondary reactions, the · measured phenomenon occurs in a region where there . is· a buildup of product. FQr HO (v=9), 50 percent of reaction (1 t) must have occurred before the earliest measurement. Water is an effective quencher (e) and may be troublesome. So might reaction with H 2 (reaction (2 t) . although DeMore's data suggest this is not important (g) . Experiments in the absence of excess 0 3 would be desirable to test this point and to determine the "background" decay rate. Direct, optical, measurements of [0 3 ] also are needed.
. .
Ref (f)
This upper limit is based on the absence of an effect of 0 3 oil. the rate of disappearance of HO and on an estimate of instrumental sensitivity.
Ref (g) Absence of a reaction of thermal HO at 87 K does not rule out a gas phase reaction at room temperature if there is an activation energy. However, the experiments suggest that it will beslow.
The two results (no reaction of thermal HO, reactil)n of excited OH) are based on quantum yields of 0 3 destruction and water formation in the presence and absence of small additions of O2• The pertinent reactions are:
The interpretation, which we accept, may be summarized as follows. In the presence of O2 , reaction (8) scavenges H atoms. Then .:l03 == aH20 where water is the ultimate product formed from radicals and peroxides in the system. This is interpreted to mean that reactions (la) and (7) do not occur, i.e., HO and H02 are unreactive. In the absence of sufficient O2 to scavenge H atoms, a03 > aH 2 0. This is interpreted as due to the chain (6) followed by some reaction of HOt with 03-The chain (6) and (lb t) is favored over (6), (la t), and (7) because (7) is ruled out by the experiments with added O2• Ref (h) A preliminary report on flash photolysis experiments. Details not given. No evidence was found for a chainreaction in a system containing 0 3 and HO, either imme· diately or at long times after the flash. Hydroxyl is formed in the sequence with little, if any excitation of theHO. At short times the quantum yield, 1> (-0 3 ), is -2. This is in contrast to the steady photolysis of 03/H20 mixtures in which high quantum yields are found: (<I> (~03) up to 100). The authors argue that their results rule out reactions (la) and (7) in both types of photolysis. The upper limit is based on absence of an effect and an estimate of instrumental sensitivity . Fortin, et al. (0) have criticized the interpretation given in ref. (h) . They studied the flash photolysis of moist ozone, show that a very extensive mechanism must be used to interpret the intermediate quantum yield, and state that reactions (la) and (7) would contribute very little even if both had rate constants -5 X 10-13 cm 3 molecule-1 S- I. Ref (i) This lower limit estimate is based on the chain mechanism .(la, 7) and on an estimate of [H02]. The estimate J. Phys. Chem. Ref. Oata, Vol. 2, No.2, 1973 is too indirect to be useful.
Refs. U and k)
These data were, prior to 1972, the only quantitative measurements on reaction (la). Volman has recently reexamined and reinterpreted them (n) in the light of the now known kinetics of reactions of OeD). He concludes that reaction (la) is probably not important, but that OeD) + I-L02 ~ HO + H02 controls the variation of a[O~ll a [HZ02] with reactant . concentrations. The rate constant klO may be up to 10 fold faster than OeD) + H 20, that is, it occurs .essentially at every collision.
We agree with the reinterpretation but also note that we have been unable to model these experiments using modern rate data to the point that the observed concentration changes can be reproduced. The modelling gives smaller 0 3 and HzOz destruction.
These experiments remain important for interpretation ofthe 0 3 photolysis in the presence of water. Volrnan gives evidence that there is no chain process. This is contrary to the results in reference (m) . The two studies are sufficiently similar that they should agree on the point. We have no explanation.
Ref (m}
Steady photolysis of O2 and H20 at A= 184.9 nm in excess O2 produces 0 3, HO, and H0 2 02+hv~ 20 0+02+M~03+M H20+hv~H+HO . H+02+M~H02+M
Photon absorption in this optically thick system was . determined from rale of 0 3 formation in calibration experiments . . Only slight 0 3 photolysis occurs. Rate of O2 photolysis is 9 fold greater than that of IhO for P(Oz) = 300 torr and P(HzO) = 4.6 torr. A steady state in 0 3 is reached at long times (more than 100 min) that indicates chain destruction of 0 3 by HO and H02. Interpreted as HO+03~ H0 2 +02, H02+03~ HO+202• Competition experiments with added co (removing HO and forming H0 2 ) CO+HO~COz+H, were used to obtain approximate values kl~ -8 X 10-14 and k7 -3 X 10-15 cm 3 molecule-I S-I. These are only . ; ! approximate because the system is optically thick and the concentrations of intermediates are intensity dependent.
Ref(p)
These experiments measure the total rate of disappearance of HO iIi the presence of excess Os. The method is ·similar to that used' by the same authors for studying the reaction ofHO with N0 2 (s). Tests indicated no measurable concentration of 0 atoms. The hydroxyl radicals used should be almost exclusively HO(v=O). The. pre-exponential factor is -10-12 cms molecule-I S-I which is consistent with the extrapolated value from reference (c) .
These are the most direct measurements, to da~e, of . 
Preferred· value (Changed from that in NBS Report 10828 (April 1972).
kl (300)=6XlO:-12 cm 3 molecule-1 S-I, estimated un· certainty: a factor of two. kl = 3 X 10-l1 exp (-500IT) cm 3 molecule-Is-I (300-1000 K), estimated uncertainty is an order of magnitude atlOOO K. 
Remarks
There are four studies , three of which (b, c, i) indicate a rate constant in the range 0.3-1.0 X 10-11 • For this reason the other (d) is · rejected. Only the two latest measurements (b, i) Hochanadel,et al., 1972 (i) .
Photolysis of H20 2 • H02
absorption measured.
Paukert, Johnston, 1972 (b 
, .
286 HAMPSON, E.T AL depends upon the absolute value of the absorption coefficient for H20 2 , while Hochanadel's depends upon that for H02• Both measured the extinction coefficient of H02 at 210 nm in units of dm 3 mol-1 cm-I base 10: 1200 (b) , 1770 (i) . If the former is correct then the rate constant in (i) should be reduced to 6.5 X 10-12 . cm 3 molecule-Is-I. A similar argument may not be made to raise the rate in (b) . That rate ' is based on € (H202) at 200 nm reported in ref. (g) . A value twice as large has also been reported (h). . Because of the uncertainty in € (R0 2 ), we simply have . averaged the two rates (b, i) , and hav~. adopted· the ·~ctivation -energy estimated by · LIoyd . (e). }fis room · temperatur~ rate . constant IS, however, 3.3 X 10-12 based ori (b) 
. llHo298 = -40.6 kJ/mol (-9.7 Remarks " All that. can be said aboQt the value of the hoinogeneous gas-phase reaction rate constant is that it must be less than the values in (b) and (6) an upper limiting value for the homogeneous gas-phase , reaction rate constant is (from Graham and Tyler):
k ~ 1.1 X 10-55 cm 9 molecule-3 S -I.
(Changed from that in NBS Report 10692 (Jan. 1972).)
The following mechanism was considered in ' both stl,ldies: Vol. 2, No.2, 1973 References (a) D. D. Wagman, et. al., NBS Technical Note 270-3 (Jan. 1968 ). (b) T. T. Paukert andH. S. Johnston, J. Chern. Phys. 56,2824 . (c) Foner, S. N., and Hudson, R. L., Adv. Chern. Series 36,34 (1962) . (d) Burgess, R. H., and Robb, J. C., Chern. Soc. Spec. Pub!. 9, 167 (1957) . . Kinetic Data for High Temperature Reactions volume 1, Homoge neous gas phase reactions of the H. ·O. system, Butter· WQrth & Co., London (1972) . Chern. Phys. 16, 225,638 (1948) . Chern. Phys. 56,4426 (1972) . Hampson J~ne, 1972 There . are "no · direct data on the rate of the homo-. 'gen'ous gas ,phase reaction between H 2 0, NO, and N0 2 .
However the following data on the rate of the hetero-. geneous reaction can be used to set an upper limit to the rate of th,e homogeneous reaction. Graham, Tyler, 1972 (b NO + N02 + H20 =2HN02 N 2 0 3 + H 20 = 2HN02 NO + N02 =N20 3
(1)
(3)
Neither study distinguished between (1) and (2) because of the rapid attainment of equilibrium in (3).
Remarks on Specific References
Ref (b) This study verified the second-order dependence of the rate on [H20] suggested in (c) . Afirst-oxder de-. IJen?ence on [NO z] .andon [NO] was found. The surfaceto-volume ratio was (1/40) the value in (c) ; and the rate constant was (1/36) its value in (c)" similarly defined. This strong dependence of k on (s/v) was interpreted as evidence for the heterogeneous nature of the reaction. They attempted to fit ' the data to the stoichiometry indicated by eqn. (1), i.e. first order 'in H 2 0, NO; and N02. Although the derived rate constant was not independent of [H20], the values were within a factor of 2 of the mean value of 2.0 X 10-3 m 4 kN:-2 S-I, equal to 3.4 X 10-38 cm 6 molecule-2 S-I_ This can be taken as an upper limiting value to the rate constant for the homogeneousgas phase reaction whose stoichiometry is . given by eqn.
(1). An overall rate in terms of [N203J is also given.
Ref (c) This study was performed in a 1 mm diameter pyrex tube and no precautions were taken to avoid surface' reaction. In view of the results in (h) these measurements are reiected as gas phase rate' data. They might be useful in defining the rate in a heterogeneous converter. Note that the reported rate does not reflect the dependence on [NO] which was fixed at 1 atm. This is unity (b) . If this is introduced:
Note that the rate quoted from (c) in the Data section has occasionally been cited incorrectly as applicable in the rate. expression dP HNO./ 
. that is without the second order dependence on water. 
Remarks
There is no evidence that this reaction occurs. It has been postulated as a possible regenerative step for HN0 3 in the photolysis of mixtures of N0 2 and HN0 3 at 366 nm (b) , although it was not considered to be important in a similar study at 265 nm (c) . Other homogeneous and heterogeneous reactions may serve the same purpose, so that the value in (b) must be consid· ered an upper limit. It is not clear how this value was obtained_ H. 10hnston (d) in a discussion of his earlier work on the effects of foreign gases on the decomposition of N 2 0 S (e) suggests that kl (323 K) is less than 2 X 10-19 em 3 molecule-I S-I and that Jaffe and Ford were observing Ii heterogeneous reaction . Niki, et al. (f) on the basis of a photochemical smog model estimate kl = 10-21 cm 3 molecule-I S-I at 300 K, a value supported by preliminary results from a direct study of the reaction which indicate kl < 10-20 cm 3 molecule-I S-I (g). The latter is tentatively accepted as a realistic . upper limit for the rate constant. Assuming a normal pre-exponential factor this reaction would have a rate constant at least 100 times slower at stratospheric temperatures (220 K) than at 300 K. Reaction (1) has been studied only in relative rate experiments.
Comparison reactions are: 
Absolute Value
kl=3.5 X 10-10 cm 3 molecule-I s-I.
Uncertainty: log k±O.l
Remarks
The preferred values are those developed by Cvetanovic (0), see below, from an analysis of all rate ratio data for reactions of O(ID). The ratios are more reliable than the absolute value since the uncertainty in thelatter must reflect the errors in the available-absohite measurements ofO(ID) rate constants.
The rate ratios probably are sufficiently accurate for atmospheric modelling. All of the reactions of 0<' D)
with major and trace components of the atmosphere are very fast, only the competition among them is important. . For . this reason the rate ratios are more important than the absolute values.
Comments on Measurements
Ref (c) Large extent of decomposition of 0 3 during and immediately after the (relatively long) flash make it difficult to assess the primary quantum yield and contribution from other reactions. (The value 0.45 is not given in the paper. It has been derived from the data and mechanism. J Biedenkapp, et aI., 1970 (c) .
Room temp, uv flash photolysisof0 3 /H20/Ar mixtures. 0 3 decomp. meas. .
Room temp, steady; ~ = 253.7 nm, photolysis of 03/H20·8 mixtures, .80 exchange meas. Katakis, 1967 (e Paraskevopoulos, Cvetanovic, 1971 (g) .
Steady photolysis of N20 in presence of H20 and CO. Relative yields of CO 2 and · N2 measured.
. Simonaitis, Heicklen, 1972 (1).
Quenching of radiation from O,('l) in 254 nm photolysis of 0 3 . .
Flash photolysis of 03/H20/N2 mixtures.
[03] vs. t measured.
Fortin, Snelling, Tardif, 1972 (n) .
Steady photalysjs of N0 2, ~ = 228.8 nm in N02/H20/CO/He mixtures. Actinometry using NO./N.O mixtures. <I>(CO.) me as.
Simonaitis, Heicklen 1972 (j) .
Ref (d)
Pending a more detailed report of the measurements, the [H20] at which a limiting quantum yield is reached cannot be assessed. This' limit is used in 'setting the rate ratio.
Ref (e)
O-atom exchange was measured in steady photolysis of 03/H z O mixtures. The resultant rate ratio is strongly dependent upon the mechanism and on the efficiency of a chain reaction in recycling the oxygen.
Ref (f)
Simultaneous photolysis of two mixtures, one containing a quenching gas (HzO, Xe, He, SFs, Oz, COz, neopentane). Results do not depend upon kaalka b .
Ref (g) Water decreases the production of CsHlI OH. Effect assigned to competition between reactions (la) and (5) since reaction (lb) was shown to be unimportant.
Results consistent with kl / ks = 0.35 Ref (j) In this study kIf k7 and the ratio of rates for HO+ NOz(+ M) --7 HN0 3 HO+ CO--7 CO2+ H were determined simultaneously. Experiments under extreme conditions permitted both ratios to be established. The temperature coefficient is believed to apply to k7 , not k l • Ref (k) The experiments show <1>(-03) to rise from a mlll!mum value -5.5 when P(H 2 0) =0 and pass through a maximum at P(HzO) -4 torr. See fig. 7 . ,
Ref (l)
These experiments determine the relative rates .of reaction of H 2 Ref (0) An evaluation of all data available in 
Absorption Coefficients
The corrected data from ref. (d) are selected here. Relative absorption coefficients (i) match the wavelength dependence. There is good agreement bet}Veen (d) and {~)at 220 nm .. Measurements in the vacuum uv (e) give ' an absorption coefficient 2 times the value in . (d) at 200 ilm. The cause of the discrepancy is unknown.
Quantum yields
11.>200 nm
The ,only data are from one study (h) in which the overall quAntum yield is <P (-H 20z) =1.7 ± 0.4 based . on the mechanism:
(1) This leads to cf>1 ( -H2 0 Z ) -1, which is reasonable.
Greiner has criticized some of the tests in support of the above mechanism and suggests that 0 atoms could be formed in the photolytic step and still give . the . 'Qbse;ved quantum yield. Then~ are no, data on, this point.
, A< 200 nm, . . .
These data, ref. (g) , are important primarily because . they indicate what ' photolytic processes , occur. The numerical values are based on ' Hz production in the absence and presence of C 2D 4 (which scavenges H , atoms), and are put on ail absolute basis by using CO 2 as an actinometer. Although the trends reported clearly are present, the absolute values for the cf>'s may have a large uncertainty.
(h) D. H. Volman, 1. Chern. Phys. 17,947 (1949) ; Adv. Photochem. 1, Phys. 56,2824 Phys. 56, (1972 (read from corrected figure lof ref. (d) , J. Chern. Phys. 16,638 (1948» A(nm) 10. 0 The absorption coefficient is defined by the eqn:
where c is cone. in molecules/cm 3 , l is 'the path length in em, 10 and I are the incident and transmitted light intensities. ' The value for 254 nm is from the original paper by Holt, et al., J. Chem. Phys. 16,225 (1948 k, (550K) -2 X 10-20 cm 3 molecule-'s-'.
k, (300 K) < 5 X 10-20 cm 3 molecule-Is-I.
Remarks
The data in (c) are interpreted acco,rding to the follow· ing mechanism: From the measured values of k = klk2/k4 and of k2/k4 at 550 K the value of kl at 550 K is obtained. From the measured value of 23.4 kcal/mol for E = EI + E2 -£4 one can geL an estimate of E i. The value ofE2 has been estimated to be 1.8 kcal/mol (e) . The author in (c) estimates E4t~ be ~'7.5 kcal/mol~s-suming it to be equal to the value estimated for E5 in (f) . Although the magnitude of this number seems much to'o large it can be used to set a lower limit to the value of E 1 of 14 kcal/ mol. This leads to kl (300 K) < 10-24 cm 3 molecule-I S-I.
Choosing the value of E4 to be near zero permits one to calculate an upper limit of 22 kcal/mol for the value of E I . It is likely that reaction (1b) is the initiating step, since it is the only elementary reaction with a flH less than the observed E 1 • The mecha. nism used in (c) was originally used in (d) .. '
There, in a detailed study at 572 K, NO (up to 25 torr) and HzOz (up to 14 torr) in excess .N2 were allowed to . react and the over,all reaction shown to correspond to
(1). (g) is derived on the basis of the observed decay of H 2 0 2 in the presence of NO. It is far larger than the upper limit derived from the high temperature data (c) . The possibility that the room temperature results are due to heterogeneous reactions cannot be ruled ouL References (a) D. et' aI., NBS Technical Note 270-3 (Jan. 1968 ). (b) . D. R. Stull and H. Prophet"JANAF Thermochemical Tables, 2d. , Ed. Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.) , 37 (June 1971). . Chern. 76, 1919 Chern. 76, (1972 Ford, et aI., 1957 (c) . 9 .5 X 10-13 exp (-1.23 X 10 3 fT) Flow system, infrared chemilumi· 1.4 X 10-1< nescence, 216-322 K. Clyne, et aI., 1964 (d) .
Flow system, infrared chemiluminescence, 293 K. Clough, Thrush, 1967 (e 2.1 X 10-'" Flow system, mass spec., 296 K. Sharma, et al., 1970 (g) . 2 .0 X 10-12 exp (-1.28 X 103fT) Supersonic nozzle. Meas. 6(0 3 ) by absorption at 254 nm. 245-345 K (total of 80 expts.). Marte, et aI., 1963 (h) . The' rate constant is given for the overall reaction. Then~ are two reaction channels which have been identified, one leading to ground state NO z , the other to NOt (probably N0 2 (2B d) (d, e, i) . The rate constant for the latter is reported to be 1.3 ± 0.2 X 10-12 exp (-2100 ± 150/T) cm 3 molecule- I s -I (e) , which corresponds to about 2 percent of the total reaction at 220 K.
The preferred values are derived from an Arrhenius plot of the data in (b) and (d) . Although the total pressures used in (b) are not given, in the one case noted the total pressure was 56S torr. Tn (cI) total pressure varied from 0.8 to 3 torr.
The other extensive set of data (h) is in good agreement with the preferred values. Because of the scatter in the data (about a factor of three at any given temperature) it was not used in arriving at the preferred value. With the exception of the data in (c) , all the ,data ob-tained at or near room temperature (e, f, g) are also in good agreement with the preferred value. Johnston, Yost, 1949 (c) .
I stirred flow reactor, 298 K.
[NO~]-[03]-1 ppm. [NOz) and [03) followed. Ford, Doyle, Endow, 1957 (d) .
Flash photolysis of 03-NzO mix· ture at room temperature. Scott, . et aI., 1971 (e Same system as in (f) . Niki, 1972 (g) .
(Changed from that in NBS Report 10692 (Jan. 1972).) k(298) = 5 X 10-17 cm 3 molecule-I S- I. Estimated uncertainty: ± 50%.
Remarks
The recommended rate is based on the data of (c, d, and g) .
There are no satisfactory data on this reaction extending over a meaningful range of temperature. In the work of Johnston and Yost (c) , rate constants were measured over the range 286 to 302 K. The accuracy of the temperature measurements was stated to be ±2 . degrees. From these data they derived the Arrhenius expression k= 1 X 10-11 exp (-3.5 X 10 3 /T) cm 3 molecule:-I S· I. Although the pre-exponential factor appears to be reasonable, the uncertainty in the data makes an extrapolation to 220 K extremely unreliable. An uncertainty of 10:!:1 is therefore attached to the value of the rate constant at 220 K, about 10-18 cm 3 molecule-I S-I.
The other reported values (d, g) for the rate constant are all near room temperature_ The preferred value at 298 K is an average of these values and that predicted by the Arrhenius ~pression given in (c) . At present not enough data is available to make a cl~ar choice of the "best" . value at 298 K. These data (d, g) however confirm the approximate correctness of the data of (c) near room temperature, and in turn the reasonableness of the derived Arrhenius expression.
In these studies, reaction (1) was assumed to be followed by the reaction: N02 + N0 3 -+ N 2 0 s . Information on the overall stoichiometry, however, is available only in (d) , where only two of six runs matched the assumed 0.9 to 4.8 . Thus the interpretation of (c) and (d) is uncertain. The result in (e) is based on widely scattered data and an assumed stoichiometry determined by a seven-step mechanism for the flash . photolysis of 0 3 in presence of N2 0. Ir...(a, b) N.O+O{lD)- +N.+O, -521.0kJ/mol (-124.52 
The Reaction
- 340.5 (-81.38~ , k,.
Auxiliary Data
Reactio~ (1) In addition to the reactions with O2 and Oa for which . absolute' values , of the rate constants are available, reaction (1) has heen studied in competition with the deactivation or reaction of O(1D) with the . following . species: N2, CO, CO2, H2, H20, NO, N02, Xe, CH4, and neopentane.
D'lta
Note: Only tpe data comparing kl with ~ or ka are given . here. they are chosen from the very large set of data for relative values for k(O(lD) +N20) (37 measured values of 12 ratios) because absolute values have ' been measured only for k 2 (j) andk3(k, q). Sc<;>tt, Cvetanovic, 1971 (ref. c Gauthier, Snelling, 1972 (re(. n) .
254 nm photolysis of 0 3 in presence of N.O;
.,p (N.) meilSured.
G~ldman, eJ aI., 1971 (ref. i) .
Photolysis of 0 3 in presence of N.O at 228.8, 254 , and 280 nrn, <1>(-0 3 ) measured. Lissi, ReickIen, 1972 (ref. 0) . NO. photolysis at 228.8 and 242 nm, yields of NO and N. measured. 0 3 photolysis at -250 nm, yields of NO. and N2 measured. Scott, et al, 1971 (ref. g) . N 2 0 photolysis at 213.9 nm, quantum yield of O. measured. Greenberg, HeickIen; 1970 (ref. h) .
OJN20 mixture photolysis at 228.8 and at 253.7 nm, ¢(N2) meas. Goldman, et aL, 1971 (ref. i Ratios (p) k1(NzO)/kz(Oz)= 2.9. . . k l (N z Absolute Values kl = 2,2 X 10-10 cm 3 molecule-I S-I. kla = 1.1 X 10-10 . klb= 1.1 X 10-10 • Uncertainty: logk±O.1.
Remarks
The preferred values for kdkz, kdk3, and kl are those developed by Cvetanovic (p) from an analysis of all rate ratio data for reactions of OeD).
This consisted of an evaluation of all data available in for reactions of O(1D) with CH4, CzHs, C 3 H s , neopentane, CO, CO z , Hz, HzO, N z , NO, N02 , N 2 0, O 2 , 0 3 , and the rare gases. These rate ratio data form an interconnected network, the solution to which yields a self-consistent set of rate ratios. This data network is displayed in fig. 1 . The relative rates . pertinent to the data listed in this data sheet are: 1.0 (C02), 1.22 . (N20), 0.42 (02) 
Comments on Measurements
Ref (e) Relative values put on an "absolute" basis by taking k3 to be the mean of estimated upper and lower limits. Reported value for overall rate agrees with value chosen here for (k l + k2)'
Ref (g) From the limiting relative </J(N2 ) at high additive pressure in the 228.8 nm. photolysis of N20; the value of kd(k2 +kd) was estimated to be 1. 08±0.19, wherek d is the rate constant for the deactivation of O(ID) by N20. They take this as confirmation of the two reported values of (kdk2) and also as an indication that kd is small relative to k2• Ref (h) A less precise value of. kdk2 = 1.04 (+0.59, -0.37) based on <P(Nz) also reported.
Ref.(m)
Authors conclude that value of kdkz = 0.65±0.07 for O(ID) atoms possessing greater than 10 kcal/mol translational energy and that for thermal OeD) atoms kdk2=O. 90±O . 1O . is maintained in these data sheets.
Auxiliary Data.
. :-25'.4·· .· '. Ii. O(,P) + OCS -+ CO+ Ie. 02±O.19X 10-11 exp . (~ 2.28 X. 10 3 fT) . 220<T<355K . ~3~' 1:08 X 10-", T=298 K 
Uncertainty log ka ±O.l Data -Continued
Data evaluations
Data evaluation based on meas· surements for kl> hz, and ka and Keq=k,lk. Johnston, 1968 (ref. b) .
Data evaluation based on references c, d, I, and m.
Davis, Johnston, Schiff, 1972 (ref n) . . E* = 19.1 kJ mo}-l (4.57kcal mol-I).
Uncertainty log ka ±O.1.
Remarks
Recent direct measurements of k3 (d, e, g, 1, m) provide data over the range 22{}-410 K. In this tempera-. ture range only rate ratios; k2/ka, were available in 1968 when the ozone data were evaluated by Johnston (h) .
The preferred value, which is the evaluation by Davis et al. (n) , takes into accoilnt the new measurements. It is based solely on the direct measurements (c, d, 1, m) . It emphasizes the low temperature work and uses those near 1000 K (c) only to extend the temperature range.
A least squares · fit to the data in table I, excluding those from (g), gives the };ame result, . This ka passes through the center of the high temperature data (c) and lies between the results in (d, m) . The net result of the new evaluation is to Iower the activaTion energy by about 0.9 kJ (0.2 kcal) and reduce the error bounds.
These ate now log ka ± 0.1 or ka ± 25 percent. They define a range about equal to the spread between the data reported in (d) and (m) .
A caveat is in order. These error limits may be optimistic since the other low temperature data (e, g, 1) are all higher than those from (d) and (m) by factors of 1.5 to 2.5 in k a . We believe these other studies are less reliable but that the total spread is not surprising since five different methods have been used.
No significance should be attached to the slightly different activation energies reported in various studies. Temperature coefficients are more likely to be affected by systematic errors than are absolute values of rate . constants.
The overall situation is that there are now . two quite consistent studies (d, m) of ka covering the temperature range 220-410 K and very rough measurements at 1000 K. The latter should be repeated.
Ref (6) Evaluation of data available in 1%7. Three rate constantskl , kz, and h were derived using the following scheme, after it had been justified. In the chart below k (obs) means data points, k(T) a function. KI2 = kdk2' the equilibrium constant. kl (obs) and k2 (obs) KI2 (T) ~ kl (T). 
Ref (c)
These are the only high temperature measurements for k3• They scatter badly. Undoubtedly higher precision could be obtained today with the same technique.
Ref (d) NO also reacts at an appreciable rate with 0 3 and decreases during the reaction. The simultaneous differential equations for the system were integrated and k3 matched to the observed decay of [0] . This analysis is dependent upon the rate coefficients for O+N02~ Oz+NO and Oa+NO~ N0 2 +0 2 • The scatter of the data is small, as shown by the range of rates at 298 K (0.62 -0.84 X 10-14 ).
Ref (e)and(J)
Wall effects (decay of 0 in the absence of Oa) were observed (25 to 50% of overall rate).
[N20] probably equals 50-100 [0] . No production of NO was found in the pyrolysis of N20. This is contrary to the later experience reported in ref. (d) . The two studies would agree if [NO]/[O] -0 .. 4 here. This would lower k a • Other heat producing reactions would raise k a .' Schiff (private communication) believes that the uncertainty in [NO] could not be large enough to account for the discrepancy. He also states any likeiy impurity reaetiORS would have . very little effect on the temperature coeffi.cient. although they might raise the absolute v~ue of the rate constant.
Ref (g) The information in this paper is insufficient to permit a detailed comparison with other work. Only by inferencesdrawn from other work by the same authors can the method, gas composition, and contact times be . guessed at. The reported rates are 2 to 2.5 times faster than those of McCrumb and Kaufman (ref. d) .
These data are not used here primarily because an electric discharge was used to produce the O-atoms: there may be other energetic species present. (The objection may not be as valid as it is for some of the older work since, apparently, only a smaIl percentage of O2 in Ar was passed through the discharge.) 
Ref (h)
Experiments at constant mole fraction of 0 3 and constant (NTP) flow rate. Corrections made for reaction being in the intermediate region (both kl and kJ important). Because of the constant input conditions ' and the sharply different percentage conversions at the ends of the temperature range, there could be substantial systematic errors that would affect the results. Authi)fs report k2/k3 based on a selected kl = 1.29 X 10-9 exp (-11.75 X 10 3 /T) for M= O 2 • Expression and points reported here ' (table II) are calculated kJ = kJka/ k2 using , their kl (T) and ki/ k3 points. There are insufficjent data , in these ' experiments to permit extractIon ' of both kJ and · . k2/ k3• Because k2/ ks is a ' correction term ' in the analysis, its value is probably 'less reliable than kJ • The temperature dependence of k2/ k3 depends strongly on . 0.925,0.901 at 197,228, 273,298 and calculated ks/k4=0.64 exp (+ 100fT) ,) The available data for reaction (4), measured. 298::'1100 K are not reliable ' enough to be extrapolated to lower temperatures. The reported . kfk4, should be used to establish k4" not k3• See ref. (i) for an analysis, based on the rate of 0 + i-butene and .
3 rate ratios that yields k:i in agreement with ref. (d) .
Ref (l)
These experiments determine the rate of disappearance of O-atoms after flash photolysis of ozone. They , • ~ere interpreted using the mechanism 03 + hv~ O(1D) + 02(1Ll) (b) , and the later measurements in refs. (d) , (e), (g) , (1) and (m) . Findlay, et aI., 1%9 (e) .
Same conditions as (e).
Findlay, Snelling, 1971 (I) .
References
Clark, Wayne, 1969 (lr).
Steer, et aI., 1%9 (c) . Becker, et aI., 1971 (d) .
Findlay, et aI., 1971 (e) . Estimated uncertainty in k: ± 25 percent thioughout this temp. range.
Although the tempe~ature dependence has not been determined over a large temperature range, because this dependence is very small the above expression can probably be safely extrapolated to stratospheric temperatures. kl (M = N z ) ~2 X lO-20 em 3 molecule-Is-I at 300 K.
Remarlcs
For M = O 2 , all the recent room temperature measurements (b) , (c) , (d) , (e) , (f) , are in good agreement. A simple average is given as the preferred rate at 300 K and the temperature dependence in (f) is accepted. Preliminary data given in (g) were not used nor were the earlier discordant data ofCh).
For M= N2 values from 10-19 to 10-21 are reported.
Only an upper limit is given here. Data in support of the lower value in (d) are not given in suHicient detail to permit reevaluation, and the very low value in (e) can not be substantiated by the data. (c) R. P. Steer, R. A. Ackerman, and J. N. Pitts, Jr., J. Chern. Phys. 51 , 843 (1969) . (d) K. H. Becker, W. Groth, and U. Schurath, Chern. Phys. Letters 8, 259 (1971) .
(e) F. D. Findlay, C. J. Fortin, and D. R. Snelling, Chern. Phys. Letters 3, 204 (1969) .
"
(f) F. D. Findlay and D. R. Snelling, J. Chern. Phys. 55, 545 (1971) .
(g) I. D. Clark and R. P. Wayne, Chern. Phys. Letters 3, 93 (1969) .
Superseded by (b) . Noxon, 1970 (b) . 1.8 X 10-15 Filseth, et aL, 1970 (d) .
from intensity of762 nm emission (bl:£-X 3 :£)
, 3 ± I x 10-15 O'Brien, Mye.r~, 1970 (e) , 1.5 ± 0.5 X lO-16 4.5'X 10-16 -1 X 10-15 Noxon, 1970 (b) .
Flash photolysis of O2 in vacuum uv.
Followed decay of (02(1~ ». Filseth, et al., 1970 (d) .
Flow system. Relative values of kM converted to abso· lute values by adopting value of k (M=02) in (b) . Becker, et aI., 1971 (g) . Filseth, et aI., 1970 (d) .
O'Brien, Myers, 1970 (e) .
Same conditions as (d) .
Siuhl, Niki, 1970 (f) . Becker, et aL, 1971 (g 
4
.5 X 10-16 for k (M= 0.). However stopped Bow experiments (g) give the relative rate ratio for O. and N. the same as in (b) . Earlier literature is discussed in (b) and (d which is followed by the reactions .
O+02+M~03+M.
Auxiliary Data
Thennodynamicthreshold: ·X = 1180 nm. Hearn ( Ellis, McGarvey, McGrath, 1971 (c) .
Recommendation
Pnmary quantum yield, reaction (1) = 1.0, for 580 < X < 620 nm. It probably is the same throughout the Chappuis band. Mechanism as given in the first section, above.
Expression for quantum yield (steady state in [0] ), from '(h) is . where in which ax is the efficiency of molecule X relative to ao, = 1 in reaction (2). For 02i N 2 , CO2, He, Ar, a = 0.44, 0.39, 0.96, 0.34, 0.25 Comments . Steady laboratory photolysis.in the Chappuis bands is explainable on basis of the · mechanism in the first sec" tion and q. y. expression in "Recommendation" above. The observed quantum yield is well fit by the expression for 0.01 < [02]/[Oa] < 40. Extrapolation to higher ratios is expect~d to be good.
Although vibrationally excited ground state O 2 has been observed, (c) , with sufficient energy to decompose Oa, no effect has been found in the photolysis. Presumably energy transfer is inefficient.
Although the process: Oa + h" ~ O2 ell) + Oep) has a thermodynamic threshold of A = 611.0 nm, no effect on the q.y. from the reaction of 02(lLl) withO a has been observed. (In contrast, silch an effect is postulated in the uv photolysis.) For this reason, the primary process is given as in the first section above. If 02(lLl) were demonstrated to be a primary product from absorption in the Chappuis bands, the uv photolysis mechanisms would have to be reconsidered.
Ref (h)
Absolute quantum yields determined by a difference . method for many points in each run for up to 25 percent conversion. This means that the [02)J[Oa] ratio varies sharply in each run. Data fit to the mechanism in "Recommendation" (above) to obtain k:Jk 2 • The mechanism reproduces the observed <I>'s to better than ±O.!. The effect of O2 is to decrease the quantum yield, via reaction (2) . Limit at high [0 2 ]/[0 3 ]: <I> tends to zero. Earlier studies showing higher q.y . . discussed and refuted.
Ref (c)
Presence of 02(X3~g, v > 0) demonstrated with a vibrational distribution similar to that observed in uv photolysis, both during photolysis and as a slow process afterwards. Due to reaction (3). Chern. Phys. 49, 857 (1968) , repri·nted with consent of the author.)
,-----.,. . Chern. Phys. 49, 857 (1968) >"=254 nm steady. Gauthier, Snelling, 1971 (e) .
¢(O (I D) )/cp (02(1I, +) ) >"=254 nm flash. . g ;;;'20 Gilpin, Schiff, Welge, 1971 (t) . 
Chemical Evidence on Photolytic Formation ofO(ID) as a Function of Wavelength
Spectroscopic Evidence for the Photolytic formation of
02(1A)
Steady photolysis of 0 3 ,1..=254 nm, and measurement of the emission from 02(1A), A=1270 nm. Two studies (e, j) show the emission to be proportional to [0 3 ]. It is independent of added O2 and N2 (e). This indicates that 0(1 D) is not a precursor, as for example in reac-tions (3) and (6). The studies suggest that <p(0 ~ A) is dose to unity. For . other evidence of the presence of O 2(1 A) in ozone photolysis see (hh, ti).
. Total Quantum Yields, Gas Phase Photolysis of 0 3 at high 0 3 /02 Ratios Absolute quantum yields for ozone decomposition in steady photolysis experiments, at various wavelengths, measured as a function of (0 3 ], Two distinct sets of experiments, show sharply different results. In one (k, 1, fl) , <1>(0 3 ) = 6, A < 310 nm independent of [0 3 ] and <p = 4, A = 334 nm. In the other (c, m, n) 
Effect of Non-Reactive Gases on the Photolysis of 0 3
Inert gases have several effects. First they reduce the total quantum yield. A<I>(Oa) -2 for high enough pressures (k, 1, 0, p, s) . The efficiency varies considerably with the identity of the added gas (1, p, q) . This effect, due to reaction with 0(1 D ),has been observed only below A= 310 nm. At the same time they quench emission from 0(1 D) (e, f) . This effect is attributed to reaction (5). The reactions with N2 and CO 2 are the most effective. In flash photolysis experiments added N2 changes markedly the concentration-time pattern immediately after the flash (g). In the gas phase only traces of N 20 are formed (m) . Rate ratios, ks/k3, are reported in references (6, te, 1, r).
Second, they reduce the quantum yield via the three body reaction (9). This effect is the same, quantitatively, as in the photolysis of 0 3 in red light (1, t).
Third they quench O2 (Id), reaction (2b), andO z (ll;) , reaction (7b). These are slow reactions that are relatively unimportant in the steady state photolysis of high concentration ozone and which occur at long times after flash photolysis.
Effect of Added O 2 on the Photolysis of Oa
Molecular oxygen has two important effects. First it quenches emission from 0(1 D) and, at the same time, produces emission from 02(ll;) (e, f) . This is due to reaction (6a). Because (7b) is slow, this changes the concentration-time pattern after flash photolysis (q) without affecting the quantum yield (reaction (6a) followed by (7a». Rate ratios, k6/ka, are reported in references (e, f, k, 1).
Second, it reduces the quantum yield principally by reformation ofO a in reaction (9), but also via quenching of 0(1 D), reaction (6b) (k, 1, m) .
Vibrationally Excited Molecular Oxygen
Absorption from ground state molecular oxygen in .
vibrational levels up to v == 30 has b. een observed following flash photolysis of ozone. (0, s, u, v, x, y) . Attributed to products of reactions (3) and (8). In one study (y) using a monochromatic flash source at ~ =595 nm, excited ground state O 2 was observed. At . this wavelength only reaction (8) can occur. To date, there is no clear, quantitative evidence that these excited molecules affect the quantum yield for Oa photolysis ..
Effect of Reactive Molecules-Impurities
The principal impurities expected in high concentration Oa are H 2 0, NiOs, CO z, and hydrocarbons. These either are present in the O 2 from which the 0 3 is made or are produced in the electric discharge of the ozonizer. They may be concentrated along with the 0 3• Photolysis of 0 3 in the presence of Hz and H 20 and other hydrogen containing molecules shows formation of OH and a <I> indicating a chain reaction (c, z, aa, bbl· An increased <I> also occurs with CO2 (cc). Nitrogen dioxide (rapidly converted to N 20 S ) is reported (m) to have only a small effect on the photolytic yields in high concentration 0 3 hut at the same time introduces an important "dark reaction." This is undoubtedly the NzOs catalyzed decomposition of 0 3 (dd). Quantum yields for primary processes. . These · are arbitrary, rounded values. O.+hll-+O(lD) +O .(IA) (lb) · 250 < }.. < 310 nm ~= 1 31O < }.. Only the quantum yield is assessed here. uV'photolysis . of O~ is complex. It provides information on and is explained in terms of an extensive mechanism of secondary reactions. See reference (ee) for a recent reVIew. . . . . The preferred quantumyields8.re qmtearbitrary.
They are step fun~tions (although there must be some wavelerigth region in which there is a gradualtrllrtsition) . because the data canriotsupport; anything else. More studies of cJ>as a function of A 290-330nm are badlY needed.
Photolysis Below 31 0 nm . . .. ': Tile ph~tolytic products.atA=254 ~m areO(lD) and .
02(lil).
There is no evidence for 02(1l;) as a primary product, although the threshold ' for reaction ' (lc) is at , A:= 266 nm.
Schumacher's experiments (k, l) s' how the same totai quantum yield at A = 254, -313 nm. DeMore's (h,g) show a change in quantum yield at A=300 nm. Wayne's show a change between A=297/302 and 313 nm, as evidenced by the decreased "chain reaction" contribution. (c) .
These are combined to indicate that reaction (lb) is effective at all A shorter than its threshold.
This choice for the q.y. of (lb) has two assumptions behind it: (1) that, the break in q.y. in DeMore's experiments at A = 300 nm (as opposed to A = 310 nm) is due to solvent effects, and (2) that wavelengths above A = 305 nm (particularly A = 313 nm) are effective in Schumacher's even though the absorption coefficient .is changing rapidly. If either of these assumpti~ns is incorrect, cJ> for reaction (lb) will start to drop at about A=3oo nm.
, There is no evidence concerning cJ> for A < 248 rim.
Presumably it remains unity throughout the rest of the Hartley bands.
. Photolysis Above 310 nm
Two processes are assumed to occur (la) and either (Ie) or possibly (If) subject to these constraints:
(1) The total atom production is the same above and below A = 310 nm. This means that quenching of 0: is unimportant.
(2) A q~antum yield of 3-4 has been observed at A = 313, 334 nm (c) . This means that one product of photolysis must be excited.. It may be either 0 or02.
DeMore's estimate (g) for cJ>(1D) is an upper bound. This quantum yield decreases slowly with increasing A (above 310 nm). The recent gas phase measurements . atA=334 nm (ff) show no effect of N2 on <1>. This indicates ' that 0 ( 1 D) is absent. ' Therefore the preferred value fo~O (lD) production is given as 0 for A> 310 nm .
Total Quantum Yields
, No recommendation is made for expressions relating the total quantum yield to the composition of a system containing 0. 3 , O2 , and inert gas. We prefer the results in ref. (k, 1) to those in (c). This preferenpe rests solely , on suspicion that the evidence for a chain reaction in , (c) may be faulty . (See 'ref. (f) for data on reactions iri the chain: (3 a) and (4b).) However, we can offer no reasonable alternati~e interpretation.
The discrepancies can be resolved only by newexperi, , ments. It ~ould be important in them to use monochromatic light sources, measure the absorption coefficient, analyze the gas samples for impurities, stir the 'gases in optically thick systems, and report in detail on "dark" reactions.
Ref (k, l)
The 'papersinZ: fur Phys. Chern. voL 76 treat the 313 and 254 rim data according to the same mechanism and revise earlier numerical values and correct equations. ' This mechanism is Ib, 2a, 3a, 4a, 5, 6a, 6b, 7a, 8, 9. The experiments measure (k6a +ksb)/k3a and ks/k3a. They use values for k9/k s from red light photolysis (ref . t) . The deactivation rate ratios measured are sensitive functions of k9/ks. Using values from (w) for k9/ks, k6/k3a ~ 0.15 as opposed to 0.23 . The expressions for <I> should not be used far outside the [M)f[03J used in the studies. At higher values deactivation reactions such as (2b) and (7b) must enter. They would raise <1>. Since similar results were obtained at A = 254 and 313 nm, the fact that the system at 254 nm was optically thick probably is unimportant.
Ref (c, m,n) That this work shows a dependence of <I> on [03] suggesting a chain reaction (3a-, 4b) and wall deactivationof 0 (1D) leads one to suspect impurities. They could be concentrated when the 0 3 is condensed or absorbed on silica gel. However, a variety of preparative
. methods, analytical techniques, and actinometry were . used, making this impurity thesis improbable. The . presence of NO z (m) has only a slight effect (as it should by any mechanism). Water, if present, would be there . at about 2 torr, which is unreasonably high (calculated from data in ref. (z» . Ref (cc) The quantum yields in the presence of high pres-
sures of N z are, in 3 cases, of the same order of magnitude as those calculable from the expressions for <P in refs. (k,l) . One run without added O2 , however, gives a <P much smallerthan it should from the same calculation.
The authors feel that little weight should be given to these<P.
atml ppm-1 m' kN-I 5-1 5-1 min-I 1.219 2.453 1.203 X 10-' T-I X 10-" X 10-< T-l 12.19 To convert a rate constant from one set .of units A to a new set.B find the conversion factor. for the row A under column B and multiply the old value by it, e.g. to convert em' molecule-I 5-1 to m 3 mol-I S-I multiply by 6.023 X 10". min-I I cm 6 rnol-2 sl = 1 10-6 10-12 2.76 X 10-48 2.57 1.48 1.003 1.447 X 10-10 T-2 X 10-4 T-2 X 10-19 X 10-8 T-2
Idm 6 'mol-2 sl = lOR 1 10-" 2.76 X 10-4'2 2.57 148 T' 1.003 1.447 X 10-4 T-' X 10-13 X 10-' T-' X 10 3 T' X 10-3 T' X 1O-9T' X 10-44 T' X 10-" X 10-5 1 ppm -, min -I = at 298 K, 9.97 9.97 9.97 2.75 2.89 1.667 1 1.623 1 atm total pressure X 10" X 10" X lOG X 10-'· X 10 4 X 10 10 X lOS 1 m' kN-' 5-1 = 6.91 ' .
1 (atm at 296)-:-1 em-I base 10 = 9.35 X 10-20 2.51 24.4 1 (mm Hg at 298)-' em-I base 10 = '7.11 X 10-11 1.91 X 10 3 1.86 X 10' 1.86 X 10 1 "I (atm at 273)-' cm-I base e = 3.72 X 10-20 1 9.73 9.73 X 10 3 -1 (atm at 273)-1 em-I base 10 = 8.57 X ~0-20 2.303, 22.4 2.24 X 10 4 1 dm 3 mol-I ' em -I base 10 = , .
3.82 X 10-21 0.103 1 10 3 1 em' mol-1 base 10 =:
3.82 X 10-2 • , 1.03 X 10'" 10-3 1 1 cm 2 molecule-I base e = 1 2.69 X 10. 9 , 2.62 X 10 20 2,.62 X 10 23
To convert an absorption ' coefficient from one set of units Atoa new' set B, multiply by the value tabulated for row A under column B, e.g. ,. to'conveTl,the,value ofthe absorption co. 
